Natural isolates of measles virus readily infect several lymphocyte cell lines. These viruses appear to use a receptor other than CD46, the molecule to which most laboratory strains of virus bind. Methods used to identify and characterize this lymphocyte receptor for measles virus are described in this study. A binding assay with a soluble form of measles virus H protein demonstrated that B-cell lines, activated with Epstein-Barr virus, or T cells, transformed with human T-cell leukemia virus, exhibit this receptor on their cell surfaces. On the other hand, resting lymphocytes, monocytes, or immature leukocytes either failed to express or possessed reduced levels of this receptor. A cDNA library derived from B95-8 marmoset B-cell lines was used to identify this receptor through expression cloning. This molecule was shown to be CDw150, which is also known as the signaling lymphocytic activation molecule (SLAM). When the lymphocyte receptor was expressed in Chinese hamster ovary (CHOP) or human embryonic kidney (293T) cells, these cells became susceptible to lymphotropic as well as laboratory strains of measles virus. Binding assays confirmed that either lymphotropic or laboratory strains of measles virus could adhere to human or marmoset CDw150, but interaction with the mouse homolog was weak. These infections were independent of the presence of CD46 on the host cell surface. Interaction of measles virus with CDw150(SLAM) could explain the immunosuppressive properties of this virus.
Introduction. Measles virus is the major virus killer of children in the developing countries of Africa and South America. It is currently estimated that about 44 million children are infected each year and that about 1.1 million of these individuals succumb to the disease or to secondary infections (3, 32) . Although measles has been targeted for eradication by the World Health Organization, the immunosuppressive properties of the virus have complicated the development of high-titer vaccines that are required to overcome the presence of maternal antibodies in infants (1, 25, 32) . Inhibitory effects of measles virus on the immune system have been documented for decades, but a clear mechanism for the phenomenon has eluded investigators (6, 11, 30, 33) .
Several laboratories have reported that viral infections shift the immune cytokine profile from one that favors cell-mediated immunity to one that supports humoral immunity, a Th1 to Th2 shift (6, 11, 31) . One of these laboratories also suggested that the binding of measles virus to a cellular receptor, CD46, depressed the production of interleukin 12 (IL-12) (17) . Still others have suggested that monocytes are preferred targets for measles virus during the early stages of infection and mediate immune dysfunction (6) . Finally, a recent report showed that wild-type measles virus infection interferes with induction of ␣-/␤-interferon production (23) . However, the exact molecular mechanism through which measles virus suppresses the immune system is unresolved.
Measles virus is a member of the morbillivirus family of paramyxoviruses. It is a negative-stranded RNA virus that possesses an envelope containing two glycoproteins, the hemagglutinin (H) and a membrane fusion protein (F). Attachment of the virus to a specific host cell receptor is mediated by H, whereas membrane fusion and penetration of the cellular plasma membrane are controlled by F (12) . Our laboratory and another originally reported that CD46 was a receptor for laboratory isolates of measles virus (10, 21) . These strains of virus are normally passaged in monkey kidney (Vero) or HeLa cells, and wild-type virus that has been isolated from nasopharyngeal swabs grows in these cells only after several passages. Natural isolates of measles virus grown in PBMCs were recently reported to bind to CD46, but with reduced affinity (19) .
However, it became clear from not only our studies (14) but also those of others (7, 26, 27 ) that another receptor for measles virus might exist on activated lymphocytes. This receptor is recognized by natural isolates of virus that have been propagated in an immortalized marmoset B-cell line, called B95-8, or its adherant derivative B95a (18) . Polyclonal antibodies directed against CD46 did not impair the infection of B95-8 lymphocytes by either wild-type virus, isolated in B cells, or laboratory strains of measles virus (7, 16) . Many laboratories also noted that laboratory strains of measles virus downregulated CD46 on the cell surface, while natural isolates of the virus did not (5, 22, 26) . Our laboratory also showed that marmoset lymphocytes possessed CD46 molecules that lacked the SCR1 domain. This region is essential for the binding of measles virus to CD46, and laboratory virus strains cannot produce disease in marmosets. The deletion appeared to effect the course of measles in New World monkeys to favor a disease that affects the lymphatic system, leading to gastroenterocolitis, pneumonitis, and bacteremia (2, 12, 16) . Reduced affinity for CD46 with a preferred use of the lymphocyte receptor was accompanied by a Y481N amino acid change in the H protein of most lymphotropic strains of measles virus that had been isolated in B95-8 cells (16, 19) . Taken together, the preceding results predict that another receptor for measles virus exists on the lymphocytes of primates.
Results. A soluble form of the H protein from measles virus can be used to assess receptor binding to lymphocytes using immunofluorescence, immunostaining, or flow cytometry. The H protein of measles virus was engineered to contain a thrombin-sensitive site adjacent to the N-terminal membrane anchor sequence and was expressed in insect cells using a recombinant baculovirus (Fig. 1A ). Soluble H (sol H) released by treatment with the protease was separated from Sf9 insect cells by low-speed centrifugation. The sol H protein was incubated with B95-8 or Jurkat cells and binding was measured by confocal immunofluorescence microscopy (Figs. 1B and 1C), immunostaining with ␤-galactosidaseconjugated antibodies (Figs. 1D and 1E ), or flow cytometry (Fig. 2) . Using all three methods, specific binding of sol H to B95-8 cells could be demonstrated, but binding to the Jurkat human T-cell line was not observed. The sol H proteins derived from Edmonston and Montefiore 89 viruses did not bind to cell lines that expressed CD46, including CHO-CD46, HeLa, Vero, THP1, Daudi, and H929 cells, although they did bind to B95-8 and some human myeloma cells ( Figs. 2A and 2B ). We concluded that truncation of the measles virus H protein and propagation of the protein in insect cells prevented interaction of H with the CD46 receptor but had no effect on its interaction with the putative lymphocyte receptor. Sol H from Montefiore 89 virus was also shown to block the infection of B95-8 cells with the lymphotropic or laboratory viruses (data not shown). Based on these results, we subsequently used sol H to probe the putative receptor that is present on the lymphocytes of primates.
Binding of Measles Virus H Protein from Laboratory (Edmonston) and Lymphotropic (Montefiore 89) Strains of
Measles Virus. The binding of B95-8 cells to sol H was first shown to be sensitive to trypsin treatment (0.01 mg/ml) after only a 5-min incubation. This result indicated that the putative receptor was likely to be a protein that was expressed on the surface of these cells. We acquired a number of lymphocyte cell lines and tested their ability to bind to an intact Edmonston H protein or to the truncated sol H. A binding assay for CD46 was previously developed in our laboratory and consisted of incubating Sf9 insect cells, infected with a recombinant baculovirus that expressed Edmonston H protein and ␤-galactosidase, and adding them to the target cells (14, 15) . Following treatment with the enzyme substrate BluoGal, binding could be visualized by the formation of rosettes of blue insect cells around the susceptible cell. As expected, all primate lymphocytes, which express CD46 on their cell surface, bound to insect cells expressing Edmonston H protein. Mouse lymphocytes (SP2/0, CTL-L2, IC21), which do not have a CD46 molecule, did not bind to the insect cells (Table 1) . We previously showed that insect cells expressing the H protein of Montefiore 89 virus did not bind to CD46ϩ cells (16) .
Sol H, which recognizes the lymphocyte-specific receptor, was used to probe a variety of different lymphocyte cell lines. Binding was measured by FACS analysis with a fluorescent antibody specific for measles virus H protein. Most lymphocytes did not interact with sol H, but activated B cells immortalized with Epstein-Barr virus (EBV), or T cells transformed with human T-cell leukemia virus (HTLV-1), were consistently positive. These included Raji, B95-8, 1A2, OCI-8, and OCI-18 lymphoma cell lines and MT-2 and MT-4 leukemia cells. A resting B-cell line, BJAB, when activated with lipopolysaccharide (10 g/ml), could be stimulated to bind sol H. In addition, some multiple myeloma cells (My5, OCI-3, OCI-7) and a Reed/Sternberg cell line (HDML2) also bound the ligand. Monocytic cell lines (K562, U937, THP-1), erythroleukemia cells (TF1, HEL), and most T-cell leukemias (Jurkat, Molt-4, OCI-17) did not bind sol H. Mouse lymphocytes that were tested (SP2/0, CTL-L2, IC21) also proved negative for the receptor. Representative FACS analyses are presented in Fig. 2B .
We concluded that the lymphocyte receptor for measles virus was found on activated or mature B and T cells, and was not present on immature cells or monocytes. Many of these binding results agree with the infectivity assays performed on different cell lines by Yanagi's group (27) . A survey of published leukocyte determinants (4) . Altered H proteins were expressed in Sf9 insect cells using baculovirus expression vectors. The extracellular portion of H was released by thrombin treatment and used in subsequent binding assays. In immunofluorescence microscopy studies, marmoset B95-8 cells were either not treated (B) or treated (C) with soluble H. Cells were washed and bound protein was detected with a monoclonal antibody directed against H and a secondary goat anti-mouse antibody labeled with fluorescein. In immunostaining experiments using ␤-galactosidase detection, Jurkat (D) and B95-8 (E) cells were incubated with soluble H, washed, and treated with a monoclonal antibody directed against H. Binding was detected with a goat anti-mouse secondary antibody conjugated to ␤-galactosidase. Blue color developed following incubation of the cells with the substrate Bluo-Gal. Cells were viewed by fluorescence microscopy (B and C) or regular light microscopy (D and E). Photomicrographs were taken at 200ϫ magnification.
cloned directionally into the mammalian expression vector pcDNA1.1 and 12 pools of DNA (D1, D2, E1, E2, F1, F2, G1, G2, H1, H2, I1, and I2), each one consisting of 10 4 -10 5 nonamplified clones, were prepared. The DNA from each pool was transfected into rodent cells that contained the polyoma large T antigen. Since the pcDNA1.1 vector contained the polyoma virus origin of replication, plasmids replicated in the CHOP cells as multicopy episomes. The CMV promoter, which controlled transcription of B95-8 genes, was also present in pcDNA1.1. Rodent cells are normally resistant to measles virus infections, since they do not express CD46 (10), and we hypothesized that cells expressing specific cDNAs from B95-8 lymphocytes could potentially become susceptible to the lymphotropic virus and synthesize viral gene products. We subsequently transfected 10 7 CHOP cells with DNA from each library pool, infected the cells with the lymphotropic Montefiore 89 strain of measles virus, and selected infected cells using monoclonal antibodies directed against the H protein that were coupled to magnetic beads. Episomal DNA was rescued from infected cells and amplified in electrocompetent bacteria; plasmids were purified and subsequently transfected again into CHOP cells. Magnetic bead selection with H antibodies was repeated and cells were again transfected with isolated expression plasmid DNA. In the final selection, purified H protein was incubated with transfected cells, cells with H bound to their surface were isolated with H monoclonal antibodies and magnetic bead selection, plasmids were extracted, and selected cDNAs were again transfected into CHOP cells.
The ability of transfected CHOP cells to bind sol H was monitored by flow cytometry throughout the selection process ( Fig. 3A) and finally 5% of the most positive cells were sorted by FACS and were lysed, after which plasmids were extracted and amplified in electrocompetent E. coli. The D2 and F2 pools of DNA were determined to be rich in expression plasmids that conveyed an Hbinding phenotype. Five plasmids were randomly isolated from each pool after the selection process and sequenced. Of these plasmids, four from the D2 pool and three from the F2 pool coded for a protein similar to human CDw150(SLAM). After fully sequencing the marmoset analog, it was found to have 88.6% identity and 89% similarity to human CDw150 (Fig. 3B) . The marmoset and human molecules showed only 54 and 53% identity, respectively, to mouse CDw150. We concluded that CDw150(SLAM) was a good candidate for the lymphocyte receptor used by measles virus. It was gratifying to see that this molecule was in the potential list of receptors described under the previous section.
Chinese Hamster Ovary (CHOP) and Human Embryonic Kidney (293Tad) Cell Lines Became Susceptible to Measles Virus Infections Following Transfections with a cDNA Encoding Human or Marmoset CDw150(SLAM).
DNA sequences containing the coding region of mouse, marmoset, or human CDw150(SLAM) were cloned into the pcDNA1.1 expression plasmid and introduced into either CHOP or 293Tad cells by liposome-mediated transfection. Hamster CHO and mouse L cells cannot normally be infected with either laboratory or lymphotropic strains of measles virus (10, 16, 21) . However, CD46-CHO and mouse CD46-L cells were previously shown to be susceptible to the Edmonston laboratory strain of measles virus (10, 21) but not to virus adapted to B95-8 marmoset B cells (16) . We confirmed these findings, as shown in Figs. 4A and 4B. Cells susceptible to either laboratory or lymphotropic strains of measles virus exhibit a cytopathic effect characterized by syncytia or giant cell formation. CHOP or 293Tad cells were transfected with pcDNA 1.1 expression plasmid containing the coding regions of marmoset CDw150, human CDw150, or mouse CDw150. Transfection efficiencies were routinely 40-60%, as monitored with plasmids containing the cDNA for enhanced green fluorescent protein. The presence of marmoset and human CDw150 on the cell surface appeared to permit extensive cytopathic effects in both CHOP and 293Tad cells following 24-to 48-h infection with the Montefiore 89 virus (Figs. 4E, 4F , and 4I).
The extent of membrane fusion paralleled transfection efficiency and often approached 60% of the cell monolayer. CHOP cells expressing human CDw150 could also be infected with the Edmonston laboratory strain of virus, even in the absence of CD46 (Fig. 4H) . However, the presence of mouse CDw150 could not mediate infections in CHOP cells by either the Edmonston (data not shown) or the Montefiore 89 strain of virus (Fig. 4G) . Control experiments were performed with CHOP ( Fig. 4C ) and 293Tad ( Fig. 4D ) cells that were transfected with the empty pcDNA1.1 expression plasmid. These cells did not exhibit cytopathic effects. Virus production was not titered in the CHOP cells since RNA replication and viral assembly are drastically reduced in rodent cells. Instead, infections were confirmed by subjecting cell lysates to SDS-polyacrylamide electrophoresis followed by immunoblot analysis with a monoclonal antibody specific for the M protein of both strains of measles virus (Fig. 4J) .
These studies indicated that marmoset or human CDw150(SLAM) could mediate infections by either lymphotropic (Montefiore 89) or laboratory (Edmonston) strains of measles virus in CHOP cells. Marmoset CDw150 appeared to work slightly better than human CDw150 in infections with lymphotropic virus, but this may be a result of the fact that Montefiore 89 virus was isolated with marmoset B95-8 cells, and not a human cell line. The presence of mouse CDw150 permitted limited virus infection, which is consistent with a previous find- 
Mouse macrophage Ϫ Ϫ a Lymphocyte cell lines were incubated with Sf9 insect cell that expressed Edmonston H protein on their cell surfaces and binding was measured with a ␤-galactosidase staining assay (14) .
b Lymphocyte cell lines were incubated with soluble H protein from the lymphotropic Montefiore 89 strain of virus and binding was measured by FACS analysis as described under Materials and Methods.
ing that showed activated B lymphocytes from normal mice could support measles virus replication (13) . Reduced infectivity might be expected, since the protein sequence of mouse CDw150 shares only 53-54% identity with its marmoset and human homologs. CD46, which is not present in rodent cells, was not required for infection. Monoclonal antibodies, directed against CDw150, also blocked infection of CDw150-CHOP cells, when either Montefiore 89 or Edmonston virus was used (data not shown). All the preceding results suggest that both lymphotropic and laboratory strains of measles virus can use human or marmoset CDw150 as a receptor.
Binding Assays Confirm That Measles Virus H Interacts with Cells That Express CDw150(SLAM)
DNA. CHOP cells that expressed human CDw150 and marmoset CDw150 were able to bind to insect cells with either Montefiore 89 or Edmonston H protein on their surface, whereas both H proteins bound poorly to cells expressing the mouse CDw150 (Fig. 5A) . As previously demonstrated, only the Edmonston H protein bound to CHOP cells that expressed CD46 (16) . Flow cytometry analysis with sol H also showed that the H protein derived from Montefiore 89 virus bound to marmoset CDw150, but not to the mouse homolog or cells containing the pcDNA1. 1 vector only (Fig. 5B ). We concluded that the H proteins derived from Edmonston and Montefiore 89 strains of measles virus could bind to marmoset and human CDw150 molecules, but bound poorly to mouse CDw150. Table 1 were assayed for the presence of CDw150 on their surface using flow cytometry and two commercial monoclonal antibodies (IPO3 and A12). High levels of CDw150 expression were found on the surfaces of B95-8, Raji, and 1A2 cells, which are B-cell lines that have been immortalized through infection with EpsteinBarr virus (EBV). Neither antibody yielded a shift in fluorescence when either Jurkat, K562, or U937 were assayed. Surprisingly, two other Burkitt lymphoma cell lines, Daudi and BJAB, do have some CDw150 on their cell surface (Fig. 5C ), but do not bind to sol H, nor can they be infected with the lymphotropic strain of measles virus. The monocytic cell line THP-1 also expresses reduced levels of CDw150 on its cell surface and does not bind sol H. The presence of CDw150 on Daudi, BJAB, and THP-1 cells was unexpected, but the reduced expression of this surface marker may result in their inability to bind sufficient amounts of the H protein from Montefiore 89 virus. Sequencing is currently under way to determine whether mutations have occurred in the CDw150 molecules of these three cell lines. For the most part, the presence and level of CDw150 on the surface of the host cell correlate with their ability to bind the H protein of the lymphotropic virus (Montefiore 89), and to be infected by this virus.
High Expression Levels of CDw150(SLAM) on the Cell Surface Correlate with the Ability of Different Lymphocyte Cell Lines to Bind sol H. Selected cell lines described in
Discussion. This study demonstrates that a selected number of lymphocyte cell lines have the capacity to bind to sol H protein derived from measles virus. These cells include B-cell lines immortalized by EBV and T-cell lines transformed by HTLV-1. However, some myeloma cell lines, a Reed/Sternberg cell line, and a resting B-cell line activated with lipopolysaccharide also appear to bind sol H. The H proteins of all lymphotropic strains of virus grown in B95-8 and Raji cells possess an Asn residue at position 481, while laboratory strains of measles virus that have been propagated in Vero monkey kidney cells have a Tyr residue at this position. This mutation appears to affect the affinity of the H protein for CD46 (16, 19) . However, laboratory strains also have the capacity to bind to the lymphocyte receptor, since polyclonal and monoclonal antibodies directed against CD46 do not 4 -10 5 plasmids in each collection, were transfected into CHOP cells and infected with Montefiore 89 virus for 20 h. The infected cells were incubated with a monoclonal antibody specific for the H protein, excess antibody was washed away, the cells were detached from the culture dish with dissociation buffer, and magnetic beads coupled to goat anti-mouse antibodies were added to the suspension. Beads and selected cells labeled with antibody were separated from unlabeled cells using a Dynal magnet. Cells attached to the magnetic beads were lysed, and episomal DNA was rescued by Hirt extraction and amplified in bacteria. The selected expression plasmids were used in subsequent transfection experiments. The ability of enriched cDNAs to encode a receptor was assayed by flow cytometry and binding of soluble H to CHOP cells containing the transfected DNA, as described in Fig. 2 . Pools D2 and F2 were enriched for receptor cDNA and selection by infecting CHOP cells containing the transfected DNA was sequentially performed twice with magnetic beads (1ϫ and 2ϫ M.B.). In the final round of screening (3ϫ M.B.), soluble H was incubated with the transfected cells, followed by washing, incubation with H-specific monoclonal antibody, and selection with magnetic beads. The cDNA obtained at this point was transfected into CHOP cells, which were again labeled with soluble H, monoclonal antibody directed against H, and fluorescent secondary antibodies. The 5% most intensely labeled fluorescent cells were sorted and used to prepare the final cDNA preparation. Two plasmids were obtained which coded for a protein with 88.6% identity to human CDw150(SLAM). (B) The protein sequences of human, marmoset (determined in this study), and mouse SLAM1 molecules were aligned using the Lasergene/DNA Star analysis program. Human and mouse sequences are from GenBank. Amino acids differing from the human sequence are shaded. prevent infections of B95-8 cells by the Edmonston strain of measles virus (7, 16) . Finally, sol H, which was truncated at position 135, was able to bind to B95-8 cells and other lymphocytes that expressed the newly identified receptor, but could not interact with cells that expressed CD46 on their surface. Taken together, these results would suggest that the lymphocyte receptor binds to residues of H that are different from those implicated in binding to CD46 (24) . Expression cloning using a cDNA library derived from B95-8 cells identified the receptor as CDw150(SLAM). Binding studies subsequently indicated that the lymphotropic and laboratory viral H proteins bound to CDw150, even in the absence of CD46. Finally, the susceptibility of lymphocytes to infections by the Montefiore 89 strain of virus appeared to correlate with the levels of CDw150 expressed by the cell lines. As we were preparing this report, another group also published the finding that measles virus could use CDw150(SLAM) as a receptor. They used an elegant approach, consisting of a vesicular stomatitis virus (VSV) pseudotyped with measles H and F proteins (28) . This reporter virus expressed green fluorescent protein (GFP) and possessed an envelope containing H and F. A screening approach, also with a B95-8 cDNA expression library, yielded a single clone from 45 pools of cDNA, each pool of which consisted of 450 plasmids. No selection or rescue process was used, and presumably small pools of DNA were assayed for their ability to render CHO cells susceptible to their fluorescent pseudotype virus. The cDNA they isolated possessed 91% identity at the nucleotide level to the coding region of human CDw150(SLAM). Our expression cloning produced two plasmids from the marmoset B95-8 cDNA library, which had 86.8% identity to the human CDw150 at the amino acid level. We used susceptibility of CHOP cells to measles virus infection, binding to sol H, and magnetic bead selection to isolate cDNAs that rendered cells susceptible to infection. CHOP cells, containing the polyoma T antigen, had the advantage of yielding high levels of expression that resulted from the presence of multicopy episomal plasmids that could be rescued from lysed cells. The other group did not report the marmoset CDw150 sequence in their study nor compare its function with human CDw150, nor did they compare the susceptibility of lymphotropic viral infections in cells that had been transfected with mouse CDw150. In addition, the levels of expression of CDw150 on their Daudi, BJAB, and THP-1 cells appeared much less than what we observed on our cells. Although these cells are not susceptible to infections by the lymphotropic virus, the reduced levels of CDw150 expression may not totally account for this resistance, and the sequences of this cell-surface marker should ultimately be studied to verify whether mutations in SLAM have occurred. Overall, our results are in agreement with those of Yanagi et al. (28) .
The question arises whether CD46 is a receptor for natural isolates of measles virus in the host. Over the course of an infection, the H protein could mutate from an N481 to a Y481 phenotype, as has been observed in virus adapted to Vero monkey kidney cells (16) . We have taken several human liver samples, subjected them to RT-PCR, and have observed a Y481 phenotype from putative persistent infections. However, this also could also be the result of residual infections from the attenuated measles virus vaccine, which has a Tyr at position 481 of the H protein. In another set of experiments (C. Richardson and M. McChesney, unpublished results), a macaque was infected with an isolate of measles virus that had been propagated in Raji cells and samples were harvested at 14 days postchallenge. Peripheral blood cells, buccal smears, gut, mesenteric lymph nodes, tonsils, and spleen were each assayed five times independently by RT-PCR, and in all cases an N481 phenotype was observed. The N481Y mutation that is observed in Vero monkey kidney cells did not appear to occur in vivo within these tissues. However, this N481Y transition may become more relevant in chronic persistent infections of other nonlymphatic organs by the virus. These results cast some doubt on the relevance of a high affinity interaction of H with CD46 during an acute measles virus infection. It remains to be determined whether a N481Y mutation can occur during natural infections in vivo. On the other hand, Manchester et al. (19) noted that CD46 can function as a low-affinity receptor for virus with an N481 phenotype that has been propagated in peripheral blood lymphocytes (PBMCs). Antibodies directed against CD46 can prevent the infection of PBMCs by natural isolates of the virus. However, they also observed that viral strains that had been adapted to B95-8 cells did not appear to use CD46 as a receptor. Another group previously reported that activated B cells from mice, which do not express CD46, could be infected with measles virus (13) . These data appear to corroborate the existence of another receptor on activated lymphocytes. We determined that both laboratory and lymphotropic strains of virus could use this receptor, which was ultimately shown to be CDw150(SLAM). More generalized infections of skin, liver, endothelial, and neural cells probably use CD46 as a receptor. Other viruses such as herpes simplex, coxsackie virus, and adenovirus can also use multiple receptors during the entry process.
CDw150(SLAM) is induced on all T, B, and dendritic cells following activation, and is present on the surface of memory T cells (4, 9) . The protein contains two highly glycosylated immunoglobulin superfamily domains and is a member of a group of molecules, including CD2, CD48, CD58, CD84, 2B4, and Ly-9. The SLAM1 polypeptide core has a molecular weight of 34,486 kDa, but two alternatively spliced mRNAs, SLAM2 and SLAM3, have been found to code for truncated versions of the protein.
The cytoplasmic tail of SLAM1 contains three SH2 domains and CDw150 has been classified as a costimulatory molecule that favors lymphocyte proliferation, Ig synthesis, and secretion of interferon ␥. Along with SLAM-associated protein (SAP), CDw150 is involved in X-linked proliferative syndrome. Homophilic SLAM-SLAM binding enhances the expansion and differentiation of activated B and T cells and stimulation of CDw150 reverses the cytokine production profile of Th2 clones to a Th0/Th1 phenotype. Expression of CDw150 is maintained on Th1 but not Th2 clones (8) . The immune suppression and lymphopenia that characterizes measles could be attributed to viral destruction of lymphocytes bearing CDw150 on their surface. Since Th1 cells express more CDw150 than do Th2 cells, destruction of the former population of T cells could favor the Th1 to Th2 shift that has been observed during measles (31) . This would shift the immune response from one that is cellmediated to a more benign humoral response (11) . Whether the actual binding of measles virus to SLAM can impair signaling, and thus indirectly influence the activation of lymphocytes, remains to be tested.
It was recently demonstrated that antibody ligation of CDw150 favored Fas-mediated apoptosis in B cells (20) . Clearly, virus binding could mimic this situation, the possibility of which we are currently testing. The destruction of activated B cells, which produce antibodies, and activated T cells, which synthesize interferon ␥, would provide measles virus a distinct advantage during the course of an infection. Since activated dendritic cells also express CDw150 on their surface, measles virus could also alter the process of antigen presentation during the immune response. The interaction of measles virus with CDw150 has far-reaching implications and may be a major factor that leads to virus-mediated immunosuppression. It may explain the severe immune suppression that occurs in marmosets that lack the critical SCR1-binding domain of CD46, previously thought to be the only receptor for measles virus. Binding to CDw150 may also explain why the tuberculin reaction is inhibited following an infection with measles virus. In addition, the interaction of CDw150 with measles virus suggests why this pathogen is so immunosuppressive and lethal to young children in developing countries, and also why the development of a high-titer vaccine in these regions has been problematic. 
Preparation of Soluble H Protein from Insect Cells
Infected with a Recombinant Baculovirus. The coding region H protein of either the lymphotropic (Montefiore 89) or laboratory (Edmonston) strains of measles virus was engineered to contain a thrombin cleavage site (LVPR/GS) at amino acid 135. This was performed by inserting two 27-residue complementary oligonucleotides into the XbaI site of cDNAs that coded for the respective H protein. The engineered H proteins were expressed in insect cells using recombinant baculoviruses that were prepared as previously described (29) . Sf9 insect cells (2 ϫ 10 7 ) were infected with recombinant insect viruses at a m.o.i. of 1-10 plaque-forming units (PFU)/cell for 60 h. The cells detached during infection and were washed twice with PBS at pH 8.1. These insect cells were suspended in 6 ml of PBS (pH 8.1) and treated with 100 units of thrombin (Calbiochem, La Jolla, CA) for 6 h at 28°C. Thrombin was inactivated by treatment with Pefabloc (50 l, 10 mg/ml; Roche Molecular Biologicals, Indianapolis, IN) and solubilized H protein (sol H) in the supernatant was separated from insect cells by lowspeed centrifugation. Sol H was isolated as a monomer at yields of about 10 mg protein/10 9 Sf9 insect cells (1 L). Glycerol (10%) was added to the supernatant to stabilize the soluble recombinant protein. Sol H was stable for several days at 4°C and could be used directly in binding studies without further purification.
Measurement of H Protein Binding to Target Cells.
Two methods were used to assess the interaction of measles virus H protein with host cells. Since it is difficult to purify measles virus for direct binding studies, a method was previously developed in our laboratory to measure binding of H protein expressed on the surface of baculovirusinfected insect cells to a potential target cell (14) . Because baculovirus-infected Sf9 cells expressed ␤-galactosidase, as well as recombinant H protein, binding could be quantitatively assessed using o-nitrophenyl galactopyranoside (ONPG) enzyme substrate from Stratagene (La Jolla, CA). Briefly, Sf9 cells were infected for 48 h with recombinant baculoviruses that had been prepared with the BlueBac vector (29) . Target cells were washed with PBS once, incubated with infected insect cells for 45 min, and twice washed gently with PBS. The target cells along with adsorbed insect cells were lysed and clarified by microcentrifugation. ONPG assays were performed on the supernatants.
In the second assay, flow cytometry was used to measure binding of sol H to target cells. Lymphocytes (10 6 ) or transfected CHOP cells were incubated with 1 ml (10-20 g) of sol H in PBS. Cells were washed twice with PBS containing 5% FCS, incubated with a monoclonal antibody (1:500 dilution) directed against H (Chemicon), and detected with a secondary antibody conjugated to fluorescein (1:500 dilution). Binding of the fluorescent antibodies was monitored by flow cytometry using a BectonDickinson (Rutherford, NJ) analyzer. Data were analyzed with the CellQuest software package. This method was only useful for measuring binding to the lymphocyte receptor, since truncation of H by thrombin treatment abolished the ability of sol H to interact with CD46.
Identification of H Protein
Receptor through cDNA Expression Cloning. A cDNA library was prepared from the mRNA of B95-8 cells (10 8 cells) using mRNA purification and DNA synthesis kits from Pharmacia (Pointe Claire, Canada). The cDNA was cloned directionally into the pcDNA1.1 expression plasmid (Invitrogen, Carlsbad, CA), which contained a CMV promoter and polyoma/SV40 origins of replication. Following transfection into cells containing polyoma/SV40 T antigens (CHOP, WOP, C127: LT, 293T), the plasmids were capable of replicating as multicopy episomes. Twelve pools of DNA, each consisting of 10 4 -10 5 nonamplified plasmids, were prepared. DNA (10 g) was introduced into 10 7 CHOP cells by the Gene Porter liposome-mediated transfection method (Gene Therapy Systems, San Diego, CA). After 48 h, the transfected CHOP cells were incubated with the lymphotropic strain of measles virus (Montefiore 89) at a m.o.i. of 1-10 PFU/cell. Following 1 h absorption at 37°C, the inoculum was removed, the cells were washed three times with Dulbecco's MEM medium containing 10% FCS (DMEM), and incubated a further 20 h. The infected cells were incubated with monoclonal antibody directed against H (1:200 dilution) for 1 h at 37°C, washed three times with DMEM, detached, and collected in 5 ml cell dissociation buffer (Sigma, St. Louis, MO) to which 5 ml DMEM was added. A 100-l sample of magnetic beads conjugated to goat anti-mouse antibodies (Dynal, Oslo, Norway) were added to the suspended cells and incubated for 1 h at 4°C. The cells that expressed H were selected with a Dynal MPC-6 magnetic particle concentrator and washed three times with 7 ml of DMEM by magnetic selection. Isolated cells were lysed in 0.5 ml of Hirt buffer (0.6% SDS, 10 mM Tris-HCl, pH 7.9, 10 mM EDTA) at room temperature, to which 0.25 ml of 3 M sodium acetate was added, and chromosomal DNA was precipitated for 18 h at 4°C. Chromosomal DNA was removed by microcentrifugation at 14,000 rpm for 30 min, the supernatants were phenol/chloroform extracted, 4 g of glycogen was added, and DNA was precipitated by the addition of cold ethanol. DNA was electroporated into Top10 electrocompetent E. coli (Invitrogen) and grown overnight, after which DNA was recovered and purified with a Qiagen Midi Prep plasmid purification kit (Qiagen, Mississauga, Canada).
This entire process was repeated using another round of infection with Montefiore 89 virus. In the final round of selection of episomal DNA, transfected cells were incubated with sol H, instead of Montefiore 89 virus; cells were washed twice with DMEM and incubated with monoclonal antibodies directed against H; and cells which bound sol H were selected with magnetic beads as previously described. Throughout the three rounds of purification, selected DNA was transfected into CHOP cells for binding assays with sol H. Following the three rounds of purification, 10 g of purified DNA was transfected into 10 6 cells, binding to sol H was measured by FACS analysis, and the upper 5% most intensely labeled cells were sorted by flow cytometry. These cells were lysed and the episomal DNA was isolated, amplified, and characterized.
GenBank Accession Number. The cDNA and coding region of the CDw150(SLAM) molecule found in B95-8 cells, which are derived from the tamarin Saguinus oedipus, was submitted to GenBank and has the accession number AF302038.
